Aims/hypothesis Type 1 diabetes is associated with premature arterial disease. Bone-marrow derived, circulating endothelial progenitor cells (EPCs) are believed to contribute to endothelial repair. The hypothesis tested was that circulating EPCs are reduced in young people with type 1 diabetes without vascular injury and that this is associated with impaired endothelial function and increased carotid intima-media thickness (CIMT). Methods We compared 74 people with type 1 diabetes with 80 healthy controls. CD34, CD133, vascular endothelial (VE) growth factor receptor-2 (VEGFR-2) and VE-cadherin antibodies were used to quantify EPCs and progenitor cell subtypes using flow-cytometry. Ultrasound assessment of endothelial function by brachial artery flow-mediated dilatation (FMD) and CIMT was made. Circulating endothelial markers, inflammatory markers and plasma plasminogen activator inhibitor-1 (PAI-1) levels were measured. Results CD34+VE-cadherin+, CD133+VE-cadherin+ and CD133+VEGFR-2+ EPC counts were significantly lower in people with diabetes (46-69%; p=0.004-0.043). In people with type 1 diabetes, FMD was reduced by 45% (p<0.001) and CIMT increased by 25% (p<0.001), these being correlated (r=−0.25, p=0.033). There was a significant relationship between FMD and CD34+VE-cadherin+ (r = 0.39, p = 0.001), CD133+VEGFR-2+ (r =0.25, p = 0.037) and CD34+ (r=0.34, p=0.003) counts. Circulating high-sensitivity C-reactive protein, PAI-1, interleukin-6 and E-selectin were significantly higher in the diabetes group (p < 0.001 to p = 0.049), the last two of these correlating with FMD (r=−0.27, p=0.028 and r=−0.24, p=0.048, respectively). Conclusions/interpretation These findings suggest that abnormalities of endothelial function in addition to proinflammatory and pro-thrombotic states are already common in people with type 1 diabetes before development of clinically evident arterial damage. Low EPC counts confirm risk of macrovascular complications and may account for impaired endothelial function and predict future cardiovascular events.
Introduction
Diabetes mellitus leads to long-term vascular damage to small vessels (microvascular) and major arteries (macrovascular), and to impaired vascular repair. Type 1 diabetes confers a twoto tenfold increased risk of death and cardiovascular disease compared with the background population [1, 2] . Diabetes is associated with endothelial dysfunction and reduced neovascularisation in response to tissue ischaemia [3, 4] . It has been suggested that contributory factors to the pathogenesis of atherosclerosis include postprandial glucose levels and arterial wall inflammation [5, 6] . Endothelial progenitor cells (EPCs) are bone-marrow derived cells that were first described in 1997 [7] . It has been hypothesised that EPCs play a role in re-endothelialisation of blood vessels damaged by ischaemia [7] [8] [9] [10] . EPCs potentially contribute to endothelial repair by homing into sites of endothelial injury at sites of ischaemia and damage, and thus maintain the integrity of the endothelial milieu.
EPCs are a heterogeneous population characterised by the expression of surface markers of endothelial (vascular endothelial [VE]-cadherin [also known as CD144], vascular endothelial growth factor receptor 2 [VEGFR-2], CD31 and von Willebrand factor) and haemopoietic progenitor (CD34, CD133) lineages [7, [11] [12] [13] [14] [15] [16] . Circulating EPCs consist of cells at various stages of maturation. The CD133+ VEGFR-2+ cells are believed to be less mature or early circulating EPCs [17] , while more mature circulating EPCs, which have lost CD133, are positive for CD34+ VEGFR-2+ and CD34+VE-cadherin+ [18] .
Mature and immature EPCs contribute to a similar extent to neovasculogenesis in vivo [19] . VEGFR-2 mediates most of the downstream angiogenic effects of VEGF, including microvascular permeability and endothelial cell proliferation, while VE-cadherin is specifically expressed in adherent junctions of endothelial cells and exerts important functions in cell-cell adhesion, thus promoting the integrity of the endothelium [20, 21] .
Some cardiovascular risk factors have been found to be associated with decreased circulating EPCs [22, 23] . Furthermore, Werner and colleagues reported both a step-wise increase in cumulative event-free survival of life-threatening cardiovascular incidents with increasing baseline levels of CD34+VEGFR-2+ EPCs, and an association between CD133+ cell counts and reduced occurrence of a first major cardiovascular event and hospitalisation [24] . Circulating EPCs in people with diabetes are not only reduced in number, but also have impaired function [25] [26] [27] [28] .
Flow-mediated dilatation (FMD) is an established noninvasive means of assessing endothelial function by measuring vasodilatation in the brachial artery in response to shear stress associated with increased blood flow [29] . The FMD of peripheral arteries has been shown to reflect that of the coronary circulation [30, 31] . Endothelial dysfunction is believed to play an important role in the pathogenesis of atherosclerosis and can be detected years before overt coronary artery disease becomes manifest [29, 32] . Endothelial dysfunction has consistently been reported in type 2 diabetes [33] , in contrast to type 1 diabetes, where only half of the studies have reported it [33] . It has been suggested that dysfunction in endothelialdependent and -independent vasodilatation is a continuum, with people with good glycaemic control and normal albumin excretion at one end, and those with microalbuminuria, poor glycaemic control and long duration of diabetes at the other [33] [34] [35] . It is not known whether differences in the number of circulating EPCs could explain the gradient in endothelial dysfunction in people with type 1 diabetes. Accordingly, we investigated whether the reduction in the number of circulating EPCs in young people with type 1 diabetes without clinically evident macrovascular disease or even occult damage as marked by the presence of microalbuminuria is associated with impaired endothelial function as assessed by FMD and with carotid intima-media thickness (CIMT). Secondary objectives were to determine the relationship between circulating EPCs and more conventional circulating endothelial markers. The hypothesis to be tested was that: (1) the number of circulating EPCs is reduced in young people with type 1 diabetes without microalbuminuria or known macrovascular disease; and (2) this is associated both with impaired endothelial function assessed by FMD, and with CIMT.
Methods

Participants
People with type 1 diabetes without macrovascular disease or microalbuminuria were compared with healthy volunteers, all aged 16 to 35 years. For inclusion, people with type 1 diabetes required serum C-peptide <0.15 nmol/l when plasma glucose was >5.5 mmol/l or a history of ketoacidosis with type 1 diabetes phenotype. All people with diabetes were insulin-treated and had a duration of diabetes of >1 year. Absence of microalbuminuria was determined by measuring urinary albumin:creatinine ratio (last three samples all <2.5 mg/mmol in men, <3.5 mg/mmol in women). Macro-vascular disease was ruled out on the basis of: no history of a cardiovascular event or procedure, no angina (Rose questionnaire), no ischaemic ECG abnormalities, no use of statins or ACE inhibitors, and no abnormal pedal pulses. The participants were attending the Newcastle Diabetes Centre for routine diabetes care. The age-matched non-diabetic controls were recruited through contacts of the participants and investigators, and screened to exclude the possibility of arterial disease. After local Ethics Committee approval, all participants gave informed written consent to participation in the study.
The people with diabetes were on the following insulin regimens: meal-time+basal insulin analogue (n=60); mealtime+basal human insulin (n=2); premixed analogues (n=4); premixed human insulin (n=7); continuous subcutaneous insulin infusion (n=1). Retinopathy was present in 46 (62%) of the people with diabetes, and typically of many clinical populations [36] , average glucose control was moderately poor.
Procedures
Study procedures were performed at Newcastle Diabetes Centre and Department of Medical Physics. Medical examination included a 12-lead ECG, the Rose angina questionnaire, blood pressure measurement (seated) using automatic sphygmomanometer (HEM-773AC; Omron, Bannockburn, IL, USA) and measurement of body weight in indoor clothing without shoes.
Women were studied in the first 10 days of the menstrual cycle. All the participants attended early morning, fasting, having avoided caffeinated beverages, cigarettes and strenuous exercise since the previous evening. They were given a low-fat breakfast informally matched to usual carbohydrate intake, together with usual insulin dose in those with diabetes. A 2 h postprandial blood sample was taken and the ultrasound procedures performed. The postprandial state was chosen to avoid the insulindeficient state often found in people with type 1 diabetes at the end of the night, and because of evidence that the postprandial state is more pathogenetically significant for the development of vascular damage in people with diabetes [5] .
Measurements and assays
Endothelial progenitor cells EPCs were quantified by the surface markers CD34, CD133, VEGFR-2 and VE-cadherin in the mononuclear cell fraction that included the cells in the lymphocyte gate and the CD14-positive monocyte gate on flow-cytometry. EPCs were identified as cells expressing both a progenitor (CD34 or CD133) and an endothelial (VEGFR-2 or VE-cadherin) marker, which thus included CD34+VE-cadherin+, CD34+VEGFR-2+, CD133+VEGFR-2+ and CD133+VE-cadherin+ cells. Circulating progenitor cell subtypes were identified as cells expressing CD34 or CD133.
Whole blood (100 µl EDTA sample) with PBS 100 µl was incubated for 30 min with the following monoclonal antibodies: PE-Cy7 conjugated anti-human CD14 (557742; BD Pharmingen, San Jose, CA, USA); PerCP-Cy 5.5-conjugated anti-CD34 (347222; BD Pharmingen); APCconjugated anti-CD133 (293C3 clone; Miltenyi Biotec, Bergisch Gladbach, Germany); PE-conjugated anti-VEGFR-2 (FAB357P; R&D Systems, Minneapolis, MN, USA); and FITC-conjugated polyclonal antibody to VEcadherin (CD144) (ALX-210-232-F; Alexis Biochemicals, San Diego, CA, USA). Matching isotype control antibodies with identical fluorescent tag were employed as an internal control for each individual to enable setting of the count threshold and exclusion of background noise. Following incubation, erythrocytes were lysed with 750 µl diluted Pharmlyse (BD Biosciences, San Jose, CA, USA) and the samples were assessed by flow-cytometry on an LSR-II (BD Biosciences) machine. A mean of 340,000 total events was captured (310,000 events for the controls).
Flow-mediated dilatation Brachial artery FMD was measured by a single trained scientist (L. Sibal) with highresolution ultrasonography using a 5-12 MHz linear transducer on an HDI 5000 system (Advanced Technology Laboratories, Bothell, Washington, USA) with data acquisition by artificial neural network software (VIA Software, London, UK) imaging the vessel wall 20 times/s and in accordance with international guidelines [37, 38] . The brachial artery was studied 20 to 100 mm proximal to the antecubital fossa in supine participants after 15 min rest. Pressure in an upper-forearm sphygmomanometer cuff was raised to 250 mmHg for 5 min and FMD automatically calculated as the percentage increase in mean diastolic diameter after reactive hyperaemia 55 to 65 seconds after deflation to baseline. After a further 15 min, 400 µg sublingual glyceryl trinitrate (GTN) was given and diastolic diameter remeasured after 5 min for measurement of endothelial-independent dilatation. The coefficient of variation for FMD was 8.7% with a mean (SD) day-to-day absolute difference of 0.48 (0.38)% in ten controls.
Carotid intima-media thickness CIMT was measured by a single trained scientist (L. Sibal) at the far wall of the right and left common carotid artery 10 to 20 mm proximal to the carotid bulb using high-resolution ultrasonography (HDI 5000; Advanced Technology Laboratories). Images were stored digitally and offline measurements of the distance between the lumen interface and the mediaadventitia interface made with a frame grabber and bitmap software. The mean CIMT was calculated from ten measurements on each artery. The coefficient of variation was 3.2% with a mean day-to-day absolute difference of 0.0146 (0.0159) mm in ten controls. No formal statistical power calculation was possible for this study; post-hoc calculations show that the study has a power of >99% to detect an FMD difference of 3.0% between the two groups (95% power to detect a difference of 2.0% in FMD) and is similarly overpowered to detect a 20% difference in CIMT between the two groups. An initial estimate of n=80 in each group was chosen because it was anticipated that only a proportion of people with diabetes might have abnormalities and that some EPC counts could be close to the limits of detection when reduced in people with diabetes.
Biochemical analysis
Results
Clinical characteristics
The type 1 diabetes and control groups were of similar young age and age distribution, and of similar non-obese BMI (Table 1) . Accordingly there were no differences in measures associated with obesity or the metabolic syndrome such as waist circumference, systolic blood pressure or serum lipid profile. Differences were restricted to blood glucose control, which was moderately poor, as reflected in HbA 1c and both fasting and postprandial plasma glucose levels. Table 2 ). The progenitor cell subtypes with CD34+ and CD133+ cell counts were also significantly lower (reductions of 38-50%, p=0.005 to 0.041). The cell count for CD34+VEGFR-2+ was numerically lower (29%) but not statistically significantly different (Table 2 ). There were significant relationships between counts of different EPCs and between EPCs and progenitor cell subtypes (Table 3) .
Flow-mediated dilatation
Endothelial function measured as FMD was significantly reduced by 45% in the people with type 1 diabetes (4.95± 0.34% vs controls 9.03±0.38%; p<0.001), as was GTNinduced (endothelium-independent) vasodilatation (by 28%; 16.7±0.7 vs 23.4±0.8%) ( Table 2 ). The baseline diameter of the brachial artery in people with diabetes and healthy controls was similar (3.41±0.06 vs 3.44±0.06 mm). FMD remained significantly lower in the people with diabetes compared with healthy controls after correcting for GTN-induced vasodilatation (FMD:GTN ratio 0.34±0.03 vs 0.42±0.02, p=0.025). There was no correlation between FMD and plasma glucose or HbA 1c (Table 4) .
Carotid intima-media thickness
People with type 1 diabetes had 24% greater CIMT than healthy people (p<0.001) ( Table 2 ). In the group with diabetes, CIMT correlated with age (r=0.56, p<0.001) and negatively with FMD (r=−0.25, p=0.033) (Fig. 1, Table 4 ). There was no correlation between CIMT and plasma glucose or HbA 1c (r=−0.06, p=0.642 and r=−0.05, p=0.690).
Circulating markers of endothelial dysfunction
There were significantly higher levels of circulating highsensitivity (hs) C-reactive protein (CRP) (p=0.049), PAI-1 (p= 0.007), IL-6 (p<0.001) and E-selectin (p=0.013) in the people with type 1 diabetes than in healthy controls, but TNF-α and other adhesion molecules did not differ (Table 2 ).
Other relationships between measures
Correlation within the diabetes group was found between FMD and cell counts for EPC CD34+VE-cadherin+ (r=0.39, CIMT and the EPC cell counts were not correlated in the diabetes group (data not shown).
We analysed (post hoc) our data in terms of HbA 1c above or below 7.0%. FMD was significantly lower, the CIMT was significantly higher and CD133+VE-cadherin+ counts were lower in both groups with diabetes compared with healthy controls, but did not differ between the two groups. Furthermore, CD34+VE-cadherin+, CD34+ and CD133+ counts were lower in people with type 1 diabetes with HbA 1c above 7.0% than in healthy controls, but did not differ between the diabetes subgroups.
In the type 1 diabetes group, there were significant negative univariate correlations between IL-6 and FMD (r=−0.27, p=0.028), and between E-selectin and FMD (r=−0.24, p=0.048) ( Table 4) , neither of which remained after adjustment for age and sex. There was also a significant inverse relationship between TNF-α and both CD133+ cell count (r=−0.41, p=0.000) and CD34+CD133+ cell count (r=−0.25, p=0.039).
Discussion
This study shows that young people with uncomplicated type 1 diabetes have impaired endothelial function, increased CIMT and reduced EPC counts. It also confirms increased levels of inflammatory (hsCRP, IL-6) and prothrombotic (PAI-1) markers in this population. To our knowledge, this is the first study to report a plausible association between EPC counts and both endothelial function and the interaction between various surrogate markers of increased cardiovascular risk in people with type 1 diabetes.
While diabetes mellitus is an independent risk factor for cardiovascular disease, this is not limited to the more complex metabolic disorder of type 2 diabetes, people with type 1 diabetes having even greater age-standardised cardiovascular mortality rates, partly because of their younger age of impact of vascular disease. Aetiologically type 1 diabetes is a pure hormone deficiency disease and as such provides a better basis for studying the impact of hyperglycaemia (or insulin deficiency) alone on mechanisms of vascular injury in states uncomplicated, at least before nephropathy develops, by abnormalities of lipid profile and blood pressure. In the current study we chose to study young adults with type 1 diabetes, so the population is very similar in characteristics to the control non-diabetic group, except for measures of hyperglycaemia. Exclusion of those with extant cardiovascular disease or diabetic nephropathy was designed to avoid participants in whom vascular injury was already advanced and in whom endothelial repair mechanisms might therefore have been activated by arterial wall damage in the form of atherosclerotic plaque [39] [40] [41] . Nevertheless it is impossible to be sure that some individuals in our type 1 diabetic population did not have more significant disease (indeed in both populations). Further interventional studies are required for a true assessment of the effects of hyperglycaemia/ hypoinsulinaemia on features related to endothelial dysfunction, which could only be made by studying people before and after normalisation of blood glucose levels.
Here we studied circulating EPCs expressing an endothelial marker (VEGFR-2/VE-cadherin) and a haemopoietic stem cell or bone-marrow-derived marker (CD34/CD133), and also circulating progenitor cell subtypes expressing haemopoietic stem cell markers alone (CD34/CD133) [7, [11] [12] [13] [14] [15] 17] . We found significant reductions in circulating cell counts of some populations of both classes of cells (endothelial progenitor, circulating progenitor cell subtypes) in young people with type 1 diabetes without any macrovascular disease or microalbuminuria. One problem with the study, which determined the relatively large number of people studied, is the small number of counts in some circulating cell populations, notably in the diabetes group where they were universally numerically reduced, such that statistical significance is strongest in general for the higher cell counts and absent for some of the smaller cell populations. Nevertheless statistical significance was found for both mature and immature EPC populations, notably CD34+VE-cadherin+, CD133+VEGFR-2+ and CD133+ VE-cadherin+ cells. Some caution is needed in interpreting the findings beyond the primary hypothesis, as a series of measures is reported; however, the consistent relationships found between the different EPCs, and between the EPC counts and the progenitor subtype counts support the view that the secondary findings are reasonably secure.
These findings extend those of Loomans and colleagues, who used a semi-quantitative technique involving 4 to 7 days culture in vitro with detection of morphology, CD31+ and acetylated LDL uptake, and Ulex Europaeus agglutinin-1 binding in order to find a reduction in EPC number in people with type 1 diabetes [25] . People with impaired glucose tolerance have been reported to have decreased CD34+ progenitor cell subtypes, but not reduced CD34+ VEGFR-2+ (EPC) cells, and post-glucose challenge glucose levels independently related to both CD34+ and CD34+ VEGFR-2+ levels [42] , but in this group metabolic abnormalities would be more extensive and not restricted to hyperglycaemia.
Here we extend the findings of altered EPC count by assessment in relation to functional measures of endothelial dysfunction and to circulating endothelial markers. Measurement of FMD in brachial artery is an accepted method for measuring endothelial function in the peripheral circulation [29, 30] . The technique has been used previously in children with diabetes and generated very similar data to our own in young adults [43] . Indeed in that study, ultrasound assessment was also made of CIMT in type 1 diabetic children, again with results remarkably similar to those of the current study. However those authors did not assess relationships to EPCs or circulating endothelial markers.
Endothelium-dependent vasodilatation determined by FMD measurement was positively correlated to CD34+ and CD34+VE-cadherin+ cell counts, a correlation which persisted after multivariate regression analysis, whereas a rather weaker correlation with CD133+VEGFR-2+ cell counts did not survive adjustment for age and sex. No association was found between CD34+VEGFR-2+ cells and FMD. However, this is possibly explained by the low number of CD34+ cells co-expressing VEGFR-2 in both groups studied. Deschaseaux and colleagues suggest that the phenotype CD34+VE-cadherin+ is a more specific marker than CD34+VEGFR-2+ for detection of late or mature circulating EPCs in blood [44] .
Taken together, these associations are consistent with the possibility that abnormalities in EPC cell counts or function may be an early determinant of endothelial injury and consequent on the primary abnormality of type 1 diabetes (insulin deficiency and hyperglycaemia). In an animal model of hindlimb ischaemia-reperfusion injury, insulin treatment was found to improve the mobilisation of EPCs from bone marrow [45] .
Accordingly, further study of EPCs, both as markers for risk of developing later cardiovascular disease and in the early pathogenesis of vascular damage, is indicated. We did not, however, find any relationship between CIMT and EPCs in the type 1 diabetes group, and indeed the relationship between FMD and CIMT was not in itself strong. This may be partly because CIMT measurements only detect small differences (around 0.1 mm) between the young people with diabetes and healthy participants, and also because both measurements (CIMT and EPCs) are close to the limits of their resolution. A previous study in middle-aged people did find a significant correlation between EPC number and CIMT [46] . Alternatively, however, FMD and CIMT may be looking at different parts of the same pathway of arterial wall damage, the former perhaps abnormalities of function and the latter early structural change.
Markers of inflammation such as CRP and IL-6 are increased in people at risk of cardiovascular disease [47] . Goldschmidt-Clermont and colleagues proposed that an inflammatory process that injures the arterial wall of people exposed to other risk factors could be linked to a deficient repair process of the arterial wall [48] . Previous studies have suggested that inflammatory markers are increased in people with type 1 diabetes, in whom the risk factor will be exposure to toxic glucose concentrations [49, 50] . Here those observations have been extended by finding increased levels of hsCRP, IL-6, PAI-1 (a pro-thrombotic marker) and E-selectin in young people with type 1 diabetes without evidence of arterial disease, together with some evidence of a relationship to FMD. In addition, negative correlations were found between CD133+ cell number and TNF-α, and FMD and IL-6. Relationships like these cannot determine causality, and it remains to be determined whether impaired vascular repair secondary to EPC abnormalities might be primary, or whether vascular inflammation in some way interferes with EPC count, or indeed whether positive feedback of abnormalities between these two groups of measures occurs.
The present work could be usefully extended by studies of functional abnormalities of EPCs in people with hyperglycaemia. Other areas of interest would be the question of whether pharmacological interventions that modify EPCs (count or function) improve endothelial function in people with type 1 diabetes.
In conclusion, our findings suggest that abnormalities of endothelial function are already common in young adults with type 1 diabetes before development of clinically evident arterial damage and that these abnormalities are associated with an increase in CIMT. The finding of low EPC counts and their relationship to abnormal FMD and circulating markers of inflammation and endothelial dysfunction suggests that abnormalities of endothelial repair mechanisms could have an important role in the initiation or exacerbation of early vascular injury. Also worthy of further attention is the use of decreased EPC number as a potential novel approach to identifying those people with type 1 diabetes who are at risk of cardiovascular disease in middle age.
